Abstract-This paper deals with the noise characterization of a magnetic field hybrid sensor based on flux-gate-like magnetometer. In the used layout, a magnetic core, like an Yttrium-Iron-Garnet (YIG) thin film, is driven to saturation by a rotating magnetization field, which induces a modulated magnetic field. The latter is sensed, by means of one or more punctual sensors, as an image of the applied magnetic field vector components.
I. INTRODUCTION
T HE presented device is based on a combined flux-gate and Hall sensor arrangement. The sensor principle is similar to a previous work based on 3D flux-gate sensor [1] , which does not illustrate the corresponding sensor performance in details. Furthermore, the mentioned sensor and the 2D or 3D field sensing ability was not completely described in that work. Also, noise measurements were reported by Valeiko et al. in an abstract in the EMSA 2000 Conference [2] . However, this work was never published in a journal paper and/or elaborated by another research group until now. These facts have been the motivation to expose the performance of the device presented in this work in terms of noise and sensitivity, as well as to show device improvement, compared to a bare integrated sensor.
In flux-gate sensors, a limiting factor of noise performance is mainly due to Barkhausen jumps [3] . This drawback appears in magnetic materials due to domain wall motion. A way to elim- inate the Barkhausen jumps is to keep quasi-continuously the material in deep saturation state. This can be achieved by applying a rotating excitation field on a soft magnetic material as an Yttrium-Iron-Garnet (YIG) thin film [1] , [4] . The given magnetometer allows for 2D magnetic field measurements through a single device. It seems also suitable for a single chip design. This paper is organized as follows. The theoretical magnetic sensor principle of operation is presented in Section II. Section III is dedicated to the sensor characteristics. Experimental results are given in Section IV which is followed by conclusions.
II. PRINCIPLE OF OPERATION
As given in Fig. 1 , a rotating magnetic field rotates at the angular frequency and it is applied on the magnetic YIG thin-film plane. Its in-plane components are given by (1) where is the rotating magnetic field vector amplitude. The quasi-static magnetic field , which is to be measured, is applied in the YIG film plane (cf. Fig. 1 ), its components being (2) The resulting field is thus given by the superposition of both fields its components being (3) 1530-437X/$26.00 © 2011 IEEE If the amplitude of is larger than , the saturation field amplitude of the YIG film, the material is continuously saturated. The magnetization amplitude has an angular direction which follows that of and its amplitude is approximately equal to the saturation value . is given by (4) where is the angular direction of . Considering that and the associated Taylor series of , the thin YIG film magnetization can be rewritten as (5) A punctual magnetic sensor is placed accordingly to measure the field exiting the thin film along the -direction. It senses a magnetic field which can be written as , where is a coupling factor between the internal YIG thin-film magnetization -component value and the external field induced at the sensor. Considering the punctual magnetic sensor sensitivity as (in ), and noticing that a sinusoidal signal can be represented with classical Jacobi-Anger expansion associated to Bessel functions, the output signal, , equals to (6) By using an in-phase and quadrature lock-in detection at twice the frequency , we are able to obtain both amplitude, , and in-plane direction of the external applied quasi-static field or quasi-static induction field ( ). After the lock-in detections, the sensitivity, (in ), of the hybrid device, versus , can be evaluated as (7) where represents the hybrid sensor sensitivity improvement term compared to a punctual magnetometer. In order to increase as much as possible, an optimal coupling factor , or ratio is required [4] .
III. SENSOR CHARACTERISTICS

A. Magnetization Process of the YIG Core Material
The core element is made in the form of disk of around 1 cm in diameter from the epitaxial YIG film grown by liquid phase epitaxy on a nonmagnetic Gadolinium Gallium Garnet (GGG) substrate of (111) orientation.
The YIG thin film is a single crystal with a thickness in the order of . It possesses a mixed magnetic anisotropy that is a combination of the magnetic crystallographic anisotropy, the moderate perpendicular induced uniaxial magnetic anisotropy, and the shape anisotropy of the film. The easy magnetization axes of the sensing element do not lie in the sensing element plane but deviate from it for some angle [5] .
A typical scanning electron microscope (SEM) back scattering micrograph after chemical etching is shown in Fig. 2 , illustrating absence of grains and occasional-random presence of holes. A X-ray diffraction (XRD) response of the YIG thin film is given in Fig. 3 , illustrating the behavior of a single crystal, by means of high single peak response in the order of 2.5 Mcps and negligible half width height. The XRD response illustrates two main anisotropic orientations namely the (111) out of plane anisotropy and smaller in-plane anisotropy. Both allow for different magnetic response. The presence of randomly oriented holes in the film, suggests possible pinning centers during rotation of magnetization.
Therefore, when this film is subjected to external rotational magnetic film its magnetization vector may follow two paths: one rotational in-plane and one following the magnetic crystallographic easy axes [1] . The unidirectional magnetic response on the easy axes is illustrated in Fig. 4 where no difference between the magnetization curves is observed as expected.
B. Noise Sources 1) Intrinsic Magnetic Sensor Noise Induced by the YIG
Core: The use of the described rotating magnetization excludes the magnetic noise from Barkhausen jumps. Nevertheless, it is still available some noise sources due to thermal fluctuations in the material. The fluctuation-dissipation theorem and the known thermodynamic relations can be used to evaluate the intrinsic magnetic core noise spectral density. As evaluated by Vetosko et al. [7] , that intrinsic noise at the excitation angular frequency is given by (8) where is the absolute temperature, the Boltzmann constant, the magnetic film volume, the ferromagnetic resonance line-width, and the gyromagnetic ratio. With , , , and , a numerical evaluation for a thin YIG film yields an intrinsic magnetic equivalent core noise spectral density of 2.2 .
2) Rotating Excitation Field Equivalent Noise Source:
In practice, the magnetization loop of the YIG core is non-ideal. Near to the operating point, it can be approximated by a -slope straight line, as shown in Fig. 5 . In this case, the system performance is weakened by the excitation field noise. The saturation magnetization, , and the sensed field, , must be substituted in (6) by and , respectively, where is the noise level of the excitation field, is the initial ratio and is the slope at the working point . So, by neglecting the phase noise, the punctual magnetic sensor output may be rewritten as (9) Furthermore, the Signal to Noise Ratio (SNR) of the system (in terms of amplitude of detection), SNR, is limited to the generating rotating excitation field dynamic range as , where is the highest detectable magnetic field induction.
3) Electronic Noise Source: The output voltage noise spectral density level of the punctual magnetic sensor, , has to be considered, too. It is due to both intrinsic device in use and conditioning circuitry. This noise part appears directly on the output signal and can be considered, also, as an equivalent input magnetic noise.
So, demodulated output signal including all noise sources becomes (10) where is the sensed induction field, while the term has been neglected.
IV. COUPLING FACTOR
The coupling factor is an important parameter to assess the intrinsic performance of the system. In our configuration, the punctual sensor is placed in such a way to sense the optimal vertical component (perpendicular to the plane) of the induced field. strongly depends on the punctual sensor position near the YIG film edge.
At first, has been evaluated with Finite-Element Method software COMSOL ® and compared to measurements made by using a Hall sensor as punctual device [8] . Both measured and simulated results are presented in Fig. 6 . According to this figure, the optimal sensor position is to be just over the edge of the YIG film, as near as possible to the surface. For each horizontal distance from the edge of the YIG film , an optimal Hall sensor position in the axis occurs. Even for this position, the value of is relatively low and degrades the performance of the system. As an example, for an internal magnetization represents the horizontal distance from the edge of the YIG film (axes are defined on Fig. 1) . We note an expected 1=z-like decreasing. For the smallest values of z , the difference between experiment and simulation may be explained by Hall sensor positioning error. Simulation results have been obtained from finite element method software (a 20 mm diameter and 25 m thick ferromagnetic film has been modeled, having a constant in-plane magnetization of 100 kA/m to mimic the YIG thin-film saturated state).
value of 100 kA/m (as simulated), the theoretically-calculated magnetic field, induced at the sensor is about 125 mT.
Nevertheless, the maximum experimentally sensed value of is about 3 mT. With such value of , and considering an applied magnetic field amplitude, , of 800 A/m, able to saturate the material, the sensitivity improvement factor , defined in (7) is just around 1.5.
V. RESULTS
The rotating excitation field is applied with two perpendicular Helmholtz coils driven with sine and cosine currents, respectively. The sensing core magnetization is measured by a Hall sensor. In order to evaluate the sensitivity of the device, the external magnetic field is applied as follows (11) with and . Futhermore, the demodulated output Hall signal is a classical Amplitude Modulation (AM) without carrier. Therefore, we have experimentally deduced the hybrid sensor sensitivity, , by measuring and analyzing spectral line amplitudes. At first, some measurements have been made using an encapsulated Hall effect device, Honeywell ss496a1, having an intrinsic sensitivity of 25 . The full system sensitivity was measured for a rotating excitation frequency ( ) of 2 Hz. Results are summarized in Table I . It illustrates the measured and the theoretical evaluation of the sensitivity improvement ratio as a function of the rotating excitation field amplitude .
could be evaluated from the B-H loop of the thin YIG film for each given . The theoretical values are deduced from (7) . The agreement between theory and experiment validates the working principle of the device.
Experimentally, the most limiting part of noise in the system arises from the Hall sensor noise. By only considering the white noise frequency and the low-frequency bands, the Hall sensor equivalent magnetic power noise spectral density (PSD) is estimated by (12) with and . As explained in [9] , the useful spectrum is similarly translated close to the harmonic frequencies. By fixing the working frequency higher than the hall sensor corner frequency, the hybrid sensor could be used to remove the low bare hall sensor noise as [9] .
The expected performance of the system in terms of sensitivity and noise level are compared to those of a single Hall element (Table II) . The sensor performance was deduced from experimental results.
To highlight the Hybrid YIG magnetic sensor noise performance, the equivalent magnetic noise spectral density is also given for a low frequency (10 Hz). For the hybrid YIG sensor, it results in a completely white output noise level, as detailed in [9] . So, its equivalent magnetic noise spectral density is given by (13) in a wideband demodulation.
VI. CONCLUSION
The demonstrated results clearly validate the working principle of the sensor, which can be used in order to simultaneously sense the two in-plane components of low-frequency magnetic applied field. Furthermore, it could be implemented on a single chip by using planar excitation coils [4] .
Presently, the main improvement compared to bare Hall sensor is the reduction of the low-frequency noise. Unfortu-nately, the sensitivity improvement is mainly limited by the coupling factor. That parameter could be improved by reducing the distance ( axis) between the YIG thin-film surface and the Hall sensor. Meanwhile, difficulties appear in terms of the sensor position and spatial resolution that have to be taken into account [8] , [9] . The ratio between the saturation magnetization and the magnetic field should also be investigated as a function of the YIG core geometry in order to increase the value of the hybrid sensitivity improvement term, .
Finally, we demonstrated that the intrinsic magnetic hybrid sensor noise level is low. Results involve that better performance are achievable for this system if some significant optimizations are realized.
